INTRODUCTION
Ammonium perchlorate (AP: 70-85 wtW) and carboxy or hydroxy terminated polybutadiene (CTPB or HTPB: 15-20 wtW) constitute the major ingredients of commonly-used composite solid propellant systems. The polymer, in addition to its function as a fuel, acts as a binder for the structural integrity of the solid propellant. Generally, the poor adhesion between the binder and oxidizer (AP) particles is improved by the use of bonding agents to achieve better mechanical properties.' In spite of a number of bonding agents2-15 that have been used in the past, no attempt has been made to investigate the mechanism of bonding and the nature of the bonding site@) in the molecule. Recently, we have reported a new ferrocene compound 1,l'-bis(glycidoxymethy1) ferrocene) which acts as a bonding agent. '6 In the present investigation, we have synthesized a new ferrocene-based silicon compound (I) and studied its bonding behavior in the AP-HTPB propellant system. This compound w i l l have the additional advantage of being a burning rate modifier as well as an energy
We have also attempted to locate the bonding site in the above molecule. Hycar HTBN (BF Goodrich) was vacuum dried and used.
Synthesis of Compounds
(a) I,l'-bis(lrimethyk~ymei!hy~ ferrocene (BTMF. I): 1,l'-bGydroxymethy1) ferrocene, the starting material, was prepared and characterized as reported elsewhere. [20] [21] Trimethylchlordane (1 mol) in dry ether (4 mol) was added dropwise to 1,l'-bis(hydroxymethyl) ferrocene (1 mol) and dry pyridine (1 mol) in ether (50 mol) at 0-5OC.
The mixture was stirred at that temperature for about 12 h. The precipitated pyridine hydrochloride was filtered. The filtrate was repeatedly washed with water and dried (b) l,l'-bis(methaxymethy~ ferrocene: Though the synthesis of this compound is reported," we have adopted the following new procedure for its synthesis. 1,l'-bis(hydroxymethyl) ferrocene (0.02 mol) was dissolved in sodium tert-butoxide (prepared from 9 mL of tert-butanol ind 2.3 g of sodium). The mixture was vigorously stirred for about 90 min at room temperature, and 6.3 g of dimethyl sulphate was added and the reaction was continued for another 10 min. The reaction mixture was diluted with water (75 mL) and the oily layer extracted with ether, which was further washed with water, dried over Na,SO,, and distilled under reduced pressure after the removal of 
Solubility Measurements
The solubility experiments were done as described elsewhere.'6*25 The HTPB (2 g) and the bonding compounds (nil, 0.01 M or 0.02 M) in 1oi) mL dry carbon tetrachloride were placed in a 150-mL stoppered conical flask. The mixture was stirred at a constant speed and at different intervals of time; 2 mL portions were pippetted into previously weighed 5 mL beakers. The solvent was removed by evaporation and reweighed. The amount of HTPB dissolved at various intervals of time was calculated. The solubility measurements were also done with AP-HTPB system; AP particles were first coated with a bond agent and subsequently mixed with HTPB (AP-5 g, HTPB-2 g, CCl, 100 mL). The experiments were repeated as before and the solubility of HTPB was determined. The solubility data are presented in Tables I and 11 .
Infrared (IR) Spectra
IR spectra were recorded on a Perkin Elmer Model 597IR spectrophotometer Using a KBr pellet.
RESULTS AND DISCUSSION
The solubility of HTPB in the presence or absence of the bonding agent, BTMF, is shown in Table I . Higher solubility of HTPB represents its bonding ability with the bonding agent; BTMF is therefore a good bonding agent for HTPB as it increases the solubility by about 3%. Solubility of HTPB in the presence of some model compounds (Table I , columns 3, 4, and 5) was studied such that the role of the most probable active bonding centers (viz. the ferrocene center and silicon center in BTMF) could be located. The molar concentration of the compounds in column 3 and 4 were taken as double to those of ferrocene compounds (columns 5 and 6) because they have two identical side chains in the same molecule. ComparisonS of the solubilities in columns 3 and 4 and columns 5 and 6 give the effect of the silicon center on the bonding ability of BTMF with HTPB; the presence of silicon center increases the solubility by 3-4%. ComparisonS of the solubility of HTPB in columns 3 and 5 and 4 and 6 give the bonding effect at the ferrocene centre. No significant difference in the solubility of HTPB is observed, suggesting that the bonding does not occur at the ferrocene center.
The results presented in Table I1 show the bonding ability of BTMF, both with AP and HTPB which is representative of the real propellant situation. A similar analysis as discussed above shows that the silicon center (columns 3 and 4 and 5 and 6) is the mast active site; the difference in the HTPB solubility is about 6% which is almost double compared to that of HTPB-BTMF system (Table I ). This goes to show that the silicon center is the bonding site for both HTPB and AP to an equal extent. Here again the ferrocene center (columns 3 and 5 and 4 and 6) does not exhibit any bonding property.
In order to get further insight into the bonding site in BTMF, IR spectra of BTMF, AP, and BTMF + AP (1:l by weight mixture) were recorded in KBr (Fig. 1) . The -Si -CH, stretching vibration peaks in BTMF in the mixture shifts from 1250 cm-* to ' "r 1230 an-', indicating that the -Si(CH,), group is involved in bonding. There is no change in the methyl -C-H stretching vibrations (2930 cm-I), which explains that bonding does not take place through methyl groups and therefore it occurs at the silicon center. As the -N-H bending in AP and the -C-H bonding in BTMF are in the same region, there is less possibility of assigning the peaks for bending vibrations of -C-H.
The ClO; bending peak (620 cm-') shifts to 605 an-', indicating that ClO; in AP are involved in bonding. Thus, AP and BTMF interact through ClO; and silicon center, respectively. The bonding of BTMF with AP and HTPB can be illustrated as follows.
The above results undoubtedly show that the bonding of BTMF with both AP and HTPB occurs at the silicon center. It is shown from the present work that the BTMF having a silicon center is a good bonding agent, but the similar ferrocene compound (namely 1,l'-bis(methoxymethy1) ferrocene) without a silicon center, does not act as a bonding agent. On the other hand, the non-ferrocene compound having a silicon center, benzyltrimethylsilylether, is as good a bonding agent as BTMF. It is well known that ferrocene compounds are generally used for their multifunctional characteristics like burning rate modifier and a bonding agent. Invariably most of the ferrocene compounds are good burning rate modifiers but few of them could function as a bonding agent provided they contain some active sites in the molecule for interaction with AP and the binder. BTMF is undoubtedly such an interesting compound, which is a potential bonding agent in addition to its role as a burning rate modifier. Further, the silicon center in BTMF not only acts as a bonding site but also functions as an energy supplier during combustion.
In other works many ferrocene compounds have been claimed as a bonding agent."^'^-'^ The present investigation shows that the ferrocene center does not offer any bonding site; the other active centers in such ferrocene compounds may have to be looked into for the bonding behavior like the one shown in BTMF.
CONCLUSIONS
A new compound, 1,1'-bis(trimethylsiloxyethyl) ferrocene, has been synthesized and is found to be a good bonding agent for the AP-HTPB system. In comparison with identical molecules, it is observed that the silicon centre is the active bonding site in the above compound.
